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ABSTRACT We determined the immunohistochemical
distributions of orexin-A and orexin-B, hypothalamic peptides
that function in the regulation of feeding behavior and energy
homeostasis. Orexin-A and -B neurons were restricted to the
lateral and posterior hypothalamus, whereas both orexin-A
and -B nerve fibers projected widely into the olfactory bulb,
cerebral cortex, thalamus, hypothalamus, and brainstem.
Dense populations of orexin-containing fibers were present in
the paraventricular thalamic nucleus, central gray, raphe
nuclei, and locus coeruleus. Moderate numbers of these fibers
were found in the olfactory bulb, insular, infralimbic and
prelimbic cortex, amygdala, ventral, and dorsolateral parts of
the suprachiasmatic nucleus, paraventricular nucleus except
the lateral magnocellular division, arcuate nucleus, supra-
mammillary nucleus, nucleus of the solitary tract, and dorsal
motor nucleus of the vagus. Small numbers of orexin fibers
were present in the perirhinal, motor and sensory cortex,
hippocampus, and supraoptic nucleus, and a very small
number in the lateral magnocellular division of the paraven-
tricular nucleus. Intracerebroventricular injections of orex-
ins induced c-fos expression in the paraventricular thalamic
nucleus, locus coeruleus, arcuate nucleus, central gray, raphe
nuclei, nucleus of the solitary tract, dorsal motor nucleus of
the vagus, suprachiasmatic nucleus, supraoptic nucleus, and
paraventricular nucleus except the lateral magnocellular di-
vision. The unique neuronal distribution of orexins and their
functional activation of neural circuits suggest specific com-
plex roles of the peptides in autonomic and neuroendocrine
control.

The lateral hypothalamus (LH) is a region classically impli-
cated in the central regulation of feeding behavior and energy
homeostasis (1–3). Feeding behavior is regulated by a large
number of substances, including peptides, whereas, until the
discovery of orexins, melanin-concentrating hormone (MCH)
was the only neuropeptide known to be synthesized specifically
in the LH and zona incerta and to stimulate food intake (4, 5).
Very recently, two novel hypothalamic peptides named
orexin-A and orexin-B (from the Greek word for appetite,
orexis) were discovered in an intracellular calcium influx assay
on multiple cells expressing individual ‘‘orphan’’ G protein-
coupled receptors (6). Orexin-A is a 33-residue peptide with
two intramolecular disulfide bonds in the N-terminal region,
and orexin-B is a linear 28-residue peptide. These peptides,
encoded by a single mRNA transcript, have a 46% amino acid
sequence identity. This mRNA also was found in rat hypo-
thalamus by another group of researchers using the directional
tag PCR subtraction method (7). Bolus injections of orexin-A

and -B to rat lateral ventricle stimulated food intake dose
dependently (6). prepro-orexin mRNA was restricted to the LH
and adjacent areas, and its mRNA level up-regulated on
fasting (6). Orexins therefore are thought to participate in the
hypothalamic regulation of feeding behavior. Better under-
standing of the physiological functions of orexins requires
detailed analyses of their distributions and neuronal networks
in the brain.

We prepared three antisera specific for individual rat orex-
ins and here show complete maps of the projection of orexin
neurons in the brain. We also investigated immunohistochemi-
cally the c-fos expression induced by intracerebroventricular
injections of orexins to clarify which neurons are activated by
these peptides.

MATERIALS AND METHODS

Tissue Preparation. Two groups of male Wistar rats, un-
treated (n 5 3) and colchicine-treated (n 5 2), weighing
250–275 g, were used in the immunohistochemical study of
orexin-A and -B. Colchicine (100 mg per rat) was injected into
the lateral ventricle 30 h before perfusion to increase the
immunostaining of orexin neurons (8). Fos, the protein prod-
uct of the c-fos gene, was studied immunohistochemically in
three groups of male Wistar rats weighing 200–225 g: orexin-
A-injected (n 5 3), orexin-B-injected (n 5 3), and saline-
injected (n 5 3). Orexin-A (3 mg or 30 mgy10 ml of 0.9%
saline), orexin-B (3 mg or 30 mgy10 ml of 0.9% saline), or 0.9%
saline (10 ml) was injected into the lateral ventricle 90 min
before perfusion. Rats were housed individually in plastic
cages at constant room temperature and a 12:12-h light-dark
cycle with standard rat chow and water available ad libitum.
They were anesthetized by intraperitoneal injection of sodium
pentobarbital (75 mg per kg body weight) and then were
perfused transcardially for 10 min with 100 ml of 0.1 M
phosphate buffer (pH 7.4) containing heparin (100 unitsy100
ml) for 15 min with 150 ml of fixative containing 4% parafor-
maldehyde and 0.2% picric acid in 0.1 M phosphate buffer.
Brains were removed, postfixed with the same fixative for 3
days at 4°C, then kept for 24 h in 0.1 M phosphate buffer
containing 20% sucrose. Proper placement of the cannulae was
verified at the end of the experiments by the injection of 10 ml
of dye, removal of the brain, and visual examination of coronal
brain slices (9). All procedures were done in accordance with
the Japanese Physiological Society’s guidelines for animal care.
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Antisera. Rat orexin-A (15 mg) was conjugated with bovine
thyroglobulin (15 mg) by the carbodiimide method, and a
C-terminal fragment (positions 17 to 33) of rat orexin-A
(orexin-A[17 to 33]) (10 mg) and rat orexin-B (12 mg) were
conjugated with bovine thyroglobulin (15 mg) by the glutar-
aldehyde method. Each conjugate was dialyzed against saline
then emulsified with Freund’s complete adjuvant and used to
immunize New Zealand white rabbits. Specificity of these
three antisera was confirmed by the detection of orexin-
immunoreactive molecules in rat hypothalamus extract by
RP-HPLC coupled with separate RIAs for orexin-A and -B.
The hypothalamus was boiled at 95–100°C for 10 min in a
10-fold volume of water to inactivate intrinsic proteases. After
cooling the sample to 4°C, CH3COOH and HCl were added to
the respective final concentrations of 1 M and 20 mM. The
tissue then was homogenized and the homogenate centrifuged.
A portion of the supernatant, equivalent to 10 mg wet weight,
was loaded on a TSK ODS SIL 120 A (Tosoh, Toyko) (4.6 3
150 mm) RP-HPLC column. RP-HPLC was done for 40 min
at the rate of 1.0 mlymin with a linear gradient of acetonitrile
(10–60%) in 0.1% trif luoroacetic acid. All the fractions were
assayed by RIAs for orexins. In brief, a sample or a standard
peptide solution (100 ml) was incubated for 24 h with 100 ml
of the antiserum diluent (final dilutions 1y720,000 for orexin-A
antiserum A211, 1y180,000 for orexin-A[17–33] antiserum
A052, and 1y1,050,000 for orexin-B antiserum B311). Rat
orexin-A and Tyr0-orexin-B were radioiodinated by the lac-
toperoxidase method. The tracer solution (16,000 cpmy100 ml)
was added and the mixture incubated for 24 h. Bound and free
ligands were separated by the second antibody method. All
procedures were done at 4°C. Samples were assayed in dupli-
cate. Half-maximum inhibition by rat orexin-A on the standard
RIA curve for orexin-A was 7.8 fmolytube and that for
orexin-A[17–33] was 27.4 fmolytube. Half-maximum inhibi-
tion by rat orexin-B on the standard RIA curve for orexin-B
was 4.2 fmolytube. Neither of the antisera for orexin-A or
orexin-A[17–33] recognized orexin-B, and the orexin-B anti-
serum did not recognize orexin-A or orexin-A[17–33].

Immunohistochemistry. Frozen serial sections, 40-mm thick,
were treated with 0.3% hydrogen peroxide for 1 h to inactivate
endogenous peroxidases then incubated for 5 days at 4°C with
antiorexin-A antiserum diluted 1:5,000, antiorexin-A[17–33]
antiserum diluted 1:500, or antiorexin-B antiserum diluted
1:5,000 in 0.3% Triton XyPBS (PBS, pH 7.4); or for 3 days at
4°C with anti-c-Fos antiserum diluted 1:100 (Santa Cruz
Biotechnology) in 0.3% Triton XyPBS. After the sections were
washed for 30 min with 0.3% Triton XyPBS, they were
incubated for 2 h with biotinylated secondary antibody solu-
tion diluted 1:250 then for 2 h with an avidin–biotin peroxidase
complex (Vectastain ABC kit, Vector Laboratories), after
which they were stained for 10 min at room temperature with
0.02% 3–39-diaminobenzidine and 0.05% hydrogen peroxide
in Tris buffer (pH 7.6). Absorption tests were done with
antiorexin-A and antiorexin-A[17–33] antisera that had been
absorbed with 10 mg of orexin-A and with orexin-B antiserum
that had been absorbed with 10 mg of orexin-B.

RESULTS

Specificity of Antisera. We analyzed immunoreactive
orexin-A and -B molecules in the hypothalamus by RP-HPLC.
More than 95% of the orexin-A immunoreactivity in the tissue
was eluted at the position of authentic orexin-A (Fig. 1, open
circles). A very minor immunoreactive peak was present 4 min
before the elution position of orexin-A. More than 95% of the
orexin-B immunoreactivity was detected at the elution posi-
tion of authentic orexin-B (Fig. 1, closed circles). In addition,
a very minor orexin-B immunoreactive peak was found 3.5 min
before the position of orexin-B. The HPLC profile detected by

the RIA with the orexin-A[17–33] antiserum showed similar
findings (data not shown).

Immunohistochemistry of Orexin-A and -B. Neurons and
fibers immunostained with antisera for orexin-A, orexin-A[17–
33], and orexin-B were extensively colocalized throughout the
brain. Neuronal cell bodies immunoreactive for orexins were
restricted to the lateral and posterior hypothalamus, being
most abundant in the perifornical region of the LH (Figs. 2 and
3 A–C). They had various shapes, and their sizes ranged from
small to medium (Fig. 3D). The immunoreactivities for
orexin-A and -B were both stronger in colchicine-treated rats
than in untreated ones (Fig. 3 D and E). Orexin-containing
nerve fibers were abundant in the lateral and posterior hypo-
thalamic areas (Fig. 3 A–C), the paraventricular thalamic
nucleus (PVT) (Fig. 3F), the dorsal raphe nucleus and central
gray (Fig. 3G), the median raphe nucleus (data not shown),
and locus coeruleus (LC) (Fig. 3H). Moderate numbers of
orexin fibers were present in the olfactory bulb (not shown),
insular, prelimbic and infralimbic cortex (Fig. 3I), amygdala
(not shown), ventral and dorsolateral parts of the suprachias-
matic nucleus (SCN) (Fig. 3J), paraventricular nucleus (PVN)
except the lateral magnocellular division (Fig. 3K), arcuate
nucleus (Fig. 3L), supramammillary nucleus (not shown),
nucleus of the solitary tract (NTS) (Fig. 3M), and dorsal motor
nucleus of the vagus (Fig. 3M). Small numbers of orexin fibers
were present in the perirhinal, sensory and motor cortex (Fig.
3N), hippocampus (not shown), and supraoptic nucleus (SON)
(Fig. 3O), and a very small number in the lateral magnocellular
division of the PVN (Fig. 3K). There were few orexin fibers in
the cerebellum (not shown). No immunoreativities for
orexin-A, orexin-A[17–33], or orexin-B were detected in the
tissues when normal rabbit serum or antisera absorbed with
excessive orexin-A and -B were used (not shown).

c-fos Expression. Fos distributions were similar in the
orexin-A- and -B-injected rats as well as in the 3- and 30-mg
orexin-injected rats (Fig. 4). Fos was induced in nuclei to which
orexin fibers projected, and Fos immunoreactive neurons were
prominent in the arcuate nucleus (Fig. 5 A), PVT (Fig. 5B), LC
(Fig. 5C), central gray and dorsal raphe nucleus (Fig. 5D),
NTS, and dorsal motor nucleus of the vagus (Fig. 5E), ventral
and dorsolateral parts of the SCN (Fig. 5F), SON (Fig. 5G),
and PVN except the lateral magnocellular division (Fig. 5H).
In the control rats, no Fos immunoreactivity was present in any
of the regions observed (Fig. 5 I–L, other regions not shown).

DISCUSSION

The LH is considered an evolutionary anatomic development
of the reticular formation that is involved in catecholaminergic
and serotonergic feeding systems (3). It has a role in circadian

FIG. 1. Representative RP-HPLC profile of orexin-A (E) and -B
(F) immunoreactivities in rat hypothalamus. Orexin-A content is
represented by the left scale and orexin-B content by the right scale.
Fraction volumes are 0.5 ml. Arrows indicate the elution positions of
orexin-A (1) and orexin-B (2).
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feeding, sex differences in feeding, and spontaneous activity.
Orexin neurons are restricted to lateral and posterior hypo-
thalamic areas, an immunohistochemical finding in accord
with the distribution of hypocretins, another name for orexins
(7), and the localization of prepro-orexin mRNA as detected by
in situ hybridization histochemistry (6, 7). The localization of

orexin neurons differs completely from the localization of the
other known neurotransmitters or neuropeptides, except for
MCH, which also is a potent stimulant of food intake and
whose neurons are coextensive but not colocalized with orexin
neurons in the LH (J. K. Elmquist and M.Y., unpublished
observations).

FIG. 2. Localization of orexin-A and -B from rostal (A) to caudal (S) in rat brain. Orexin neurons: large filled circles. Orexin nerve fibers: small
dots. 3, oculomotor nucleus; 10, dorsal motor nucleus of vagus; ac, anterior commissure; aca, anterior commissure, anterior part; AOB, accessory
olfactory bulb; AP, area postrema; Aq, aqueduct; Arc, arcuate hypothalamic nucleus; CA1–3, fields CA1–3 of hippocampus; CG, central gray; CPu,
caudate putamen; DMD, dorsomedial hypothalamic nucleus, dorsal part; DR, dorsal raphe nucleus; f, fornix; GI, granular insular cortex; Gl,
glomerular layer of the olfactory bulb; GrA, granule cell layer of the accessory olfactory bulb; IL, infralimbic cortex; LA, lateroanterior hypothalamic
nucleus; LC, locus coeruleus; LH, lateral hypothalamus; lo, lateral olfactory tract; LPGi, lateral paragigantocellular nucleus; LSD, lateral septal
nucleus, dorsal part; LSI, lateral septal nucleus, intermediate part; M1, primary motor cortex; ME, median eminence; Mi, mitral cell layer of the
olfactory bulb; ml, medial lemniscus; mt, mammillothalamic tract; NTS, nucleus of the solitary tract; ON, olfactory nerve layer; opt, optic tract;
ox, optic chiasm; PH, posterior hypothalamus; Pir, piriform cortex; PRh, perirhinal cortex; PrH, prepositus hypoglossal nucleus; PrL, prelimbic
cortex; PVN, paraventricular hypothalamic nucleus; PVT, paraventricular thalamic nucleus; S1, primary somatosensory cortex; SCN, suprachi-
asmatic nucleus; SNC, substantia nigra, compact part; SON, supraoptic nucleus; Sp5, spinal trigeminal nucleus; SuM, supramammillary nucleus;
VMH, ventromedial hypothalamic nucleus.
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Numerous physiological events originating throughout the
body result in afferent signals being sent to the hypothalamus.
After processing the information according to the degree of
deprivation or satiation and the status of the environment, the
hypothalamus integrates the results and mediates interactions
with efferent pathways, thereby regulating energy intake

through feeding behavior and energy expenditure (1, 3, 10).
Feeding behavior is a complicated activity composed of a large
number of learning, memory, cognitive, emotional, somato-
sensorimotor, and autonomic events related to the search for
food and its handling as well as mastication, deglutition, and
digestion. Orexins form broad projections in the brain in

FIG. 3. Immunohistochemical localizations of orexin-A, orexin-A[17–33], and orexin-B. Neurons immunoreactive for orexin-A (A) and
orexin-A[17–33] (B) are present in the perifornical region of the LH and posterior hypothalamic area. Orexin-B-immunoreactive neurons are
present in the same areas (C). Orexin-A immunoreactive neurons in the LH at high magnification. Control (D), colchicine-treated rats (E).
Orexin-A nerve fibers in the PVT (F), central gray and dorsal raphe nucleus (G), LC (H), infralimbic cortex (I), SCN (J), paraventricular nucleus
(K), arcuate nucleus (Arc) (L), NTS, and dorsal motor nucleus of the vagus (10) (M), motor cortex (N), or SON (O). Abbreviations: f, fornix;
Aq, aqueduct; 3v, third ventricle; PaLM, lateral magnocellular division of the paraventricular nucleus. Original magnification (A–C, F–H 330, D,
E 3280, I–L, N, O 370, M 335.)
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FIG. 4. Fos immunoreactivity in the arcuate nucleus of the (A) 30-mg orexin-A-, (B) 3-mg orexin-A-, (C) 30-mg orexin-B-, and (D) 3- mg
orexin-B-injected rats. 3v, third ventricle. Original magnification (A–D 370.)

FIG. 5. Fos immunoreactivity in the arcuate nucleus (A and I), paraventricular thalamic nucleus (B and J), locus coeruleus (C and K), central
gray and dorsal raphe nucleus (D and L), NTS and dorsal motor nucleus of the vagus (10) (E), suprachiasmatic nucleus (F), supraoptic nucleus
(G), and paraventricular nucleus (H). Sections shown are from a rat given an intracerebroventricular injection of 30 mg orexin-A (A–H) and one
given saline (I–L). Abbreviations: 3v, third ventricle; D3v, dorsal third ventricle; Aq, aqueduct; PaLM, lateral magnocellular division of the
paraventricular nucleus. Original magnification (A–D, F–L 370, E 335.)
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patterns that generally conform to projections that have been
described as arising from the lateral hypothalamic area (11–
13). MCH fibers also diffusely innervate the brain, including
the entire cerebral cortex and brainstem (4). The MCH
neuronal system is fully defined and appears to be ideally
positioned to coordinate feeding behavior and to participate in
integration of complex processes associated with emotional
responses, cognition, and general arousal. The distribution of
orexin fibers is similar to that of MCH fibers, but there are
some differences in relative densities of the projections of
these peptides. Relatively to MCH, orexins are densely accu-
mulated in the PVT, LC, NTS, dorsal motor nucleus of the
vagus, and the autonomic part of the PVN, suggesting that the
orexin system is more in a position to modulate the autonomic
functions. To examine this possibility, we investigated the
systemic effects of centrally administered orexins on the
autonomic nervous system. Bolus intracerebroventricular in-
jections of orexins dose dependently increased heart rate,
blood pressure, and renal sympathetic nerve activity in con-
scious unrestrained rats, and these effects lasted for 20–40 min
(H. Kannan and M.N., unpublished observations). The orexin
system is probably involved in the central regulation of auto-
nomic functions. Orexin fibers are frequent in the SON and
PVN except the lateral magnocellular division, as compared
with MCH. In addition, orexins induced Fos expression in
these nuclei. The PVN contains neuroendocrine parvocellular
neurons that project to the median eminence and influence the
secretion of anterior lobe hormones. The magnocellular neu-
rons in the SON and PVN synthesize vasopressin and oxytocin
and transport these peptides to the neural lobe of the hypoph-
ysis. Although the neurons that orexins activate in the SON
and PVN are unidentified, orexins may affect the neuroendo-
crine system by way of orexin-responsive neurons in these
nuclei.

Central injections of orexins produced a characteristic an-
atomical pattern of Fos, an immediate early gene product that
is correlated with the functional activation of neural circuits
(14, 15), although we cannot exclude the possibility that Fos
data may be secondary to peripheral consequences of orexins
administered intracerebroventricularly. Orexins induced Fos
in nuclei to which orexin fibers project. The LC, the source of
the brain’s major noradrenergic system, is thought to have a
crucial role in the control of the behavioral state, including
vigilance, attention, memory, and sleep (16). It receives the
afferents from many brain structures, including the periforni-
cal hypothalamic nucleus and the area of the posterior hypo-
thalamus (17). We have shown that orexins induce vigilance
and locomotor behaviors in addition to feeding behavior when
administered intracerebroventricularly (submitted elsewhere).
Orexin fibers that project into the LC may participate in the
control of various types of behavior through the noradrenergic
system. The major serotonergic neurons are located in the
raphe nuclei, central gray, and the surrounding reticular
formation of the brainstem. Serotonin is implicated in the
central regulation of many autonomic functions (blood pres-
sure, sodium and glucose balance, and body fluid homeosta-
sis), motor behaviors (locomotion, sex, and feeding), nocicep-
tion, cognition, arousal, and affective behaviors (depression
and anxiety) (18). Orexin projections and Fos expression in the
raphe nuclei and central gray suggest that orexins may function
in serotonin-mediated behavior. The arcuate nucleus in the
mediobasal hypothalamus is critical to feeding and body-
weight regulation because it has neurons that express leptin
receptors, leptin-receptive neuropeptide Y, and the melano-

cortin receptor ligands a-melanin stimulating hormone and
agouti-related peptide (refs. 10 and 19 and references therein).
The anatomical connection between orexin neurons and the
arcuate nucleus indicates that orexins may influence the
activities of neurons in the arcuate nucleus to regulate feeding
behavior. Orexin-induced Fos expression in the dorsal motor
nucleus of the vagus implies that orexins act in the regulation
of orogastrointestinal, hepatic, cardiac, and other visceral
organ functions. The PVT receives orexin fibers and many
afferents from some hypothalamic nuclei, including the lateral
hypothalamic area, but its role is largely unknown (13). The
distribution of orexin fibers and Fos expression in the SCN
suggest that orexins activate many neurons that contain the
master circadian pacemaker.

The extensive distribution of orexins and their induction of
Fos in various regions of the brain suggest that they function
as neuromodulators andyor neurotransmitters in a wide vari-
ety of neural circuitry. This neuroanatomical study lays the
groundwork for a rational approach to the further investigation
of their possible interactions with other neuronal systems.
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